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Cell projectionshost cytoskeleton to facilitate replication and spread. The conserved US3 protein
of the alphaherpesvirus pseudorabies virus induces actin stress ﬁber disassembly and formation of actin-
containing cell projections, which are associated with enhanced intercellular virus spread. Proteins of
members of other virus families, notably vaccinia virus F11L protein and human immunodeﬁciency virus Nef
protein, induce actin rearrangements that are very similar to those induced by US3. Interestingly, unlike F11L
and Nef, the US3 protein displays serine/threonine kinase activity. Here, we report that the kinase activity of
pseudorabies virus US3 is absolutely required for its actin modulating activity. These data show that different
viruses have developed independent mechanisms to induce very similar actin rearrangements.
© 2008 Elsevier Inc. All rights reserved.Introduction
Actin represents one of the key components of the cellular
cytoskeleton. Manipulation of the actin cytoskeleton has been
reported for different viruses and is often related to increased virus
replication and/or spread (Smith and Enquist, 2002). Three members
of different virus families, the poxvirus vaccinia virus (VV), the
retrovirus human immunodeﬁciency virus (HIV), and the herpesvirus
pseudorabies virus (PRV), have been shown to induce a very similar
reorganization of the actin cytoskeleton, consisting of disassembly of
actin stress ﬁbers, and formation of actin-containing cell projections
(Fackler et al., 1999; Favoreel et al., 2005; Favoreel et al., 2007; Greber
and Way, 2006; Lehmann and Frischknecht, 2006; Valderrama et al.,
2006; Van Minnebruggen et al., 2003). The viral effector proteins are
identiﬁed for all three viruses: the F11L protein for VV, the Nef protein
for HIV, and the US3 protein kinase for PRV. In all three cases, actin
reorganization has been shown or suggested to enhance intercel-
lular virus spread. In addition, F11L-mediated actin reorganization
facilitates VV egress by enhancing actin and microtubule dynamics
(Arakawa et al., 2007a, 2007b), and Nef-mediated actin reorganization
is suggested to facilitate successful HIV entry by disrupting the actinvoreel).
l rights reserved.ﬁlament barrier underneath the plasma membrane (Campbell et al.,
2004).
Interestingly, despite the similarity between the actin reorganizing
phenotypes, an important difference is that the US3 protein of PRV
displays serine/threonine kinase activity, which is not the case for VV
F11L and HIV Nef. The aim of the current study was to determine if the
kinase activity of US3 is required for actin cytoskeleton rearrange-
ment. Such a role would indicate that PRV, unlike VV and HIV, uses a
catalytic activity to alter the actin cytoskeleton.
Results
Transfection of kinase-dead PRV US3 does not result in
actin rearrangements
We and others had shown previously that transfection of PRV US3
is sufﬁcient to induce actin stress ﬁber disassembly and the formation
of cell projections (Calton et al., 2004; Favoreel et al., 2005). To
investigate an involvement of the kinase activity of PRV, swine testicle
(ST) cells were transfected with eukaryotic expression vectors
encoding either wild-type US3, kinase-dead US3 encoding a lysine
to glycine codon change at position 136 (K136G), or kinase-dead US3
encoding an aspartate to alanine substitution (D223A). The lysine at
position 136 is a conserved residue in serine/threonine kinases and is
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mutation in PRV US3 and an equivalent mutation in the US3 kinase of
the related herpes simplex virus have been used before to determine
US3 kinase involvement in speciﬁc processes (Deruelle et al., 2007;
Ryckman and Roller, 2004). The aspartate at position 223 is also
conserved in serine/threonine kinases and constitutes the catalytic
base required for phosphotransfer (Hanks and Hunter, 1995), and the
D223Amutation in US3 has been used earlier to determine US3 kinase
involvement in viral axonal transport (Coller and Smith, 2008).Fig. 1. Kinase activity of PRV US3 is required for actin rearrangements in US3-transfected STce
US3, kinase dead K136G US3, kinase dead D223A US3, or that were mock-transfected and sta
indicate intact stress ﬁbers. Bar, 10 μm. (B) Percentages of transfected ST cells that showed in
independent experiments. (C) Expression of US3 in transfected STcells at 24 h post mock tran
pictures of MEF cells transfected and stained as described in (A). Bar, 10 μm. (E) Percentages
Data are means and SD of three independent experiments.Figs. 1A and B shows that virtually all ST cells transfected with
wild-type US3 show disassembly of actin stress ﬁbers and the
formation of cell projections, whereas cells transfected with either
K136G or D223A US3 do not show actin reorganization. The PRV US3
gene encodes a long and a short isoform, differing by an N-terminal
mitochondrial localization signal (Calton et al., 2004; Van Minnebrug-
gen et al., 2003). Both isoforms are able to induce actin rearrange-
ments (Calton et al., 2004) and could be detected upon transfection of
either wild-type US3 or kinase deﬁcient variants of US3 (Fig. 1C). Thells andMEF. (A) Confocal pictures of STcells that were either transfected with wild-type
ined for US3 (green) and actin (red). Long arrows indicate cell projections, short arrows
tact actin stress ﬁbers (left) and cell projections (right). Data are means and SD of three
sfection or post transfectionwith wild type US3, K136G US3 or D223AUS3. (D) Confocal
of transfected MEF that show intact actin stress ﬁbers (left) and cell projections (right).
Fig. 2. Charaterization of the virus strains. (A) RFLP analysis of the BAC plasmids encoding the different viruses: wild-type (WT), kinase-dead US3 (DNA), revertant (rev), and US3null
(Δ) PRV virus. The analysis demonstrates that no unexpected alterations in the restriction fragments have occurred. The DNA mutation and revertant do not show an altered
restriction fragment pattern, which is in agreement with predictions. For the US3 deletion, restriction fragments are predicted and conﬁrmed to be altered as follows: BamHI 3984 bp
decreases to 2880 bp; NcoI 6774 bp decreases to 5670 bp; SalI 2430 bp and 2587 bp are overlapped by the deletion and fuse to produce a hybrid fragment of 3913 bp. (B) One step
growth curves for the different viruses. Graph shows the extracellular virus titers at different time points post inoculation with wild-type (♦), US3null (▪), kinase-dead US3 (▴), or
revertant (×) PRV virus. (C) Percentage of apoptotic ST cells (detected by immunoﬂuorescent analysis of active caspase-3) at different time points post mock-inoculation (light gray
bars) or inoculationwith wild-type (gradient bars), US3null (white bars), kinase-dead US3 (black bars), or revertant (dark grey bars) PRV virus. Cells were infectedwith anm.o.i. of 10.
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and yielded similar results (Figs. 1D and E).
Characterization of the different PRV strains used
To investigatewhether our observation that the US3 kinase activity
is required for actin remodelling holds true during infection, different
PRV Becker strains were used: wild-type, US3null, PRV encoding
D223A US3, and a revertant virus of the latter (PRV-GS3000). PRV
encoding D223A US3 (GS976) was described before (Coller and Smith,
2008). A revertant virus of GS976, PRV-GS3000, was constructed by
recombining the wild-type Becker US3 gene into the pGS976
infectious clone by allelic exchange as described (Smith and Enquist,
1999). The pGS976 and pGS3000 infectious clones were conﬁrmed by
restriction analysis (Fig. 2A) and US3 sequencing.
One-step growth curves showed mild reductions in growth of
US3null virus and virus encoding D223AUS3, in agreement with other
reports (Coller and Smith, 2008; Van Minnebruggen et al., 2003).
PRV US3 possesses anti-apoptotic activity (Geenen et al., 2005). As
a control experiment, to ensure that any effects observed on the actin
cytoskeleton are not due to apoptosis-related events, the percentage
of apoptotic ST cells was determined, as described before (Geenen et
al., 2005). In line with our earlier ﬁndings, we found that US3null PRV
induces apoptosis of infected cells, but only at late stages of infection
(24 hpi), without signiﬁcant numbers of apoptotic cells at 6 hpi, the
time point when the effects on the actin cytoskeleton are analyzed
(Fig. 2C).
PRV encoding a kinase-dead US3 variant is unable to induce
actin rearrangements
Viruses were subsequently analyzed for their effect on the actin
cytoskeleton. As described before (Favoreel et al., 2005), for infectionassays, stress ﬁber disassembly was analyzed in cell monolayers,
whereas projection formation was analyzed in sparsely seeded cells.
ST cells were infected at an m.o.i. of 10, and were ﬁxed and
permeabilized at 6 hpi. Cells were doublestained for actin and the
PRV gB protein.
In monolayers, virtually all ST cells infected with wild-type or
revertant PRV showed disassembly of actin stress ﬁbers, whereas cells
infected with US3null PRV or D223A US3 PRV showed little or no
stress ﬁber disassembly (Figs. 3A and B). In addition, a large fraction of
sparsely seeded ST cells infected with wild-type or revertant PRV
showed formation of cell projections, which was not observed in cells
infected with US3null or D223A US3 PRV (Figs. 3A and B). As a control,
Western blot analysis showed equivalent amounts of US3 and gE
proteins expressed in cells infected with wild-type, D223A US3 or
revertant PRV at 6 hpi, whereas US3 was absent in cells infected with
US3null PRV (Fig. 3C). The long isoform of US3 was less prevalent than
the short form, which is in agreement with earlier reports that this
isoform represents b5% of US3 protein in infected cells (van Zijl et al.,
1990). Experiments were repeated in MEF and yielded similar results
(Figs. 3D and E).
Discussion
The current data show that the kinase activity of PRV US3 is
required for its effect on the actin cytoskeleton, both in infection
and in transfection assays. This indicates that PRV, VV, and HIV,
have developed independent mechanisms to induce identical actin
reorganization phenotypes, which may underscore the potential
importance of these actin changes for virus replication and/or
spread. For PRV, these actin changes have been reported to be
associated with increased intercellular spread (Favoreel et al., 2005),
but other consequences involving virus entry and egress, similar to
what has been reported to HIV and VV, cannot be excluded at this
158 C. Van den Broeke et al. / Virology 385 (2009) 155–160point and may be worth further investigating. A recent report
indicates that Marek's disease virus (MDV) US3 does not require its
kinase activity to induce actin reorganization. Transfection of wild-type or kinase-dead MDV US3 both resulted in actin stress ﬁber
disassembly (Schumacher et al., 2008). Unlike PRV US3, this effect
was temporary and stress ﬁbers reassembled between 24 and 48 h
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was not reported for MDV US3. This may suggest that the catalytic
activity of PRV US3 provides a more robust effect on the actin
cytoskeleton than the non-catalytic mechanism exerted by MDV
US3. For herpes simplex virus-2, another alphaherpesvirus, trans-
fection of US3 also results in actin stress ﬁber disassembly, and
kinase activity of US3 was suggested to be involved, since cell
rounding, an indirect effect of stress ﬁber disassembly, was not
observed upon transfection with kinase-dead US3 (Murata et al.,
2000). Our current data indicate that PRV US3 exerts its actin
remodelling capabilities by phosphorylation of an as yet unknown
substrate, which likely is involved in Rho GTPase signaling. Future
research will show which component of Rho GTPase signaling may
be involved in US3-mediated actin reorganization.
In conclusion, kinase activity of PRV US3 is required for
reorganization of the actin cytoskeleton. Further dissection of the
mechanism underlying US3-mediated actin remodelling may lead to
strategies to interfere with these actin changes and the resulting
effects on virus spread.
Materials and methods
Antibodies and reagents
Mouse monoclonal antibody against gB (1C11) was described
earlier and was used at 1/30 (Nauwynck and Pensaert, 1995). US3-
speciﬁc antibodies were a kind gift from L.A. Olsen and L.W. Enquist
(Princeton University) and were used at 1/200. Phalloidin-Texas Red,
phalloidin-FITC, goat-anti-mouse-FITC, goat-anti-rabbit-FITC and
goat-anti-mouse-Texas Red antibodies were all from Invitrogen
(Carlsbad, CA) and were used at 1/100, 1/100, 1/200, 1/100, and 1/
100, respectively. Lipofectamine™ was also purchased from Invitro-
gen. Rabbit antibodies directed against active caspase-3 were from
R&D Systems Inc. (Minneapolis, MN), and were used at 1/100. Triton-
X-100 was from Sigma (St. Louis, MO).
Cells and viruses
ST cells were used and cultured as described before (Geenen et
al., 2005). Mouse embryonic ﬁbroblasts (MEF) were cultured in
Eagle's minimal essential medium (MEM) with 10% foetal calf
serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.3 mg/ml
glutamine.
Isogenic PRV Becker strains were used: wild-type PRV Becker
(PRV-GS847), US3null PRV (PRV-GS1015), PRV encoding a kinase-
dead variant of US3 (PRV-GS976). One-step growth curves were
performed on ST cells as described before (Van Minnebruggen et al.,
2003).
Transfections and infections
Eukaryotic expression vectors (pcDNA3.1D/V5-HIS-TOPO, Invitro-
gen) encoding wild-type US3 or US3 encoding a lysine to glycine
codon change at position 136 (K136G), which is a critical residue for
ATP binding (Hanks and Hunter, 1995), were used. Both PRV US3
expression vectors have been described before (Deruelle et al., 2007;
Geenen et al., 2005). The eukaryotic expression vector encoding US3Fig. 3. Kinase activity of PRV US3 is required for actin rearrangements in PRV-infected ST cells
cells (lower row) that weremock-infected, or infected with wild-type PRV, US3null PRV, PRV
for actin (green) and viral envelope protein gB (red). Bar, 10 μm. (B) Graphs showing the per
seeded ST cells displaying cell projections (right) at 6 hpi with the different viruses. Data are
of US3, gE, and actin in STcells that weremock-infected or at 6 h post inoculationwith wild-ty
(D) Confocal pictures of MEF monolayers (upper row) and sparsely seeded MEF (lower row) t
MEF cells in monolayers displaying intact actin stress ﬁbers (left) or sparsely seeded ST cells d
SD of three independent experiments.D223Awas constructed by PCR ampliﬁcation of the DNA of the GS976
PRV Becker strain with AccuPrime™ Taq DNA polymerase (Invitro-
gen) using the forward primer 5′CACCACACACCAACTCGCGCACCA3′
and the reverse primer 5′CACTTCATTGTTGAGCTGTGGAGAT3′ in the
presence of 4% dimethylsulfoxide (DMSO). The ampliﬁed DNA
fragment was cloned into the pcDNA™ 3.1 directional Topo
expression kit (Invitrogen) following manufacturers instructions.
The US3 D223A gene was sequenced for conﬁrmation. Plasmids
were transiently transfected in ST cells or MEF grown to 60–70%
conﬂuency using Lipofectamine™ according to the manufacturer's
instructions (Invitrogen), and used at 24 h post transfection.
For infections, ST cells or MEF were either used at 100%
conﬂuency (to analyze actin stress ﬁbers) or sparsely seeded
(individual islands of ±10 cells), as described before (Favoreel et al.,
2005). Cells were inoculated with one of the isogenic PRV strains at a
multiplicity of infection of 10, and used at 6 hpi, except where
mentioned otherwise.
Fluorescent staining
Transfected or infected cells were washed in PBS, ﬁxed at room
temperature with 3% paraformaldehyde in PBS for 10 min, washed in
PBS, and permeabilized at room temperature in 0.1% Triton-X-100 in
PBS for 2 min. After washing in PBS, cells were incubated for 1 h at
37 °C with one or more primary antibodies diluted in PBS, washed
twice in PBS, and subsequently incubated for 1 h at 37 °C with the
respective secondary antibodies (and/or conjugated phalloidin)
diluted in PBS. Afterwards, cells were washed twice, and transfected
or infected cells were analyzed for actin organization using ﬂuores-
cence microscopy (Leica DM RBE, Leica Microsystems, GmbH,
Heidelberg, Germany) and a Leica TCS SP2 confocal microscope. At
least 200 cells were scored for each experiment, and data shown
represent means+SD of three independent replicates.
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